Metabolic disturbances have been implicated in demyelinating diseases including multiple sclerosis (MS). Melatonin, a naturally occurring hormone, has emerged as a potent neuroprotective candidate to reduce myelin loss and improve MS outcomes. In this study, we evaluated the effect of melatonin, at both physiological and pharmacological doses, on oligodendrocytes metabolism in an experimental autoimmune encephalomyelitis (EAE) mouse model of MS. Results showed that melatonin decreased neurological disability scores and enhanced remyelination, significantly increasing myelin protein levels including MBP, MOG, and MOBP. In addition, melatonin attenuated inflammation by reducing pro-inflammatory cytokines (IL-1β and TNF-α) and increasing anti-inflammatory cytokines (IL-4 and IL-10). Moreover, melatonin significantly increased brain concentrations of lactate, N-acetylaspartate (NAA), and 3-hydroxy-3-methylglutaryl-coenzyme-A reductase (HMGCR). Pyruvate dehydrogenase kinase-4 (PDK-4) mRNA and protein expression levels were also increased in melatonin-treated, compared to untreated EAE mice. However, melatonin significantly inhibited active and total pyruvate dehydrogenase complex (PDC), an enzyme under the control of PDK4. In summary, although PDC activity was reduced by melatonin, it caused a reduction in inflammatory mediators while stimulating oligodendrogenesis, suggesting that oligodendrocytes are forced to use an alternative pathway to synthesize fatty acids for remyelination. We propose that combining melatonin and PDK inhibitors may provide greater benefits for MS patients than the use of melatonin therapy alone.
Metabolic disturbances have been implicated in demyelinating diseases including multiple sclerosis (MS). Melatonin, a naturally occurring hormone, has emerged as a potent neuroprotective candidate to reduce myelin loss and improve MS outcomes. In this study, we evaluated the effect of melatonin, at both physiological and pharmacological doses, on oligodendrocytes metabolism in an experimental autoimmune encephalomyelitis (EAE) mouse model of MS. Results showed that melatonin decreased neurological disability scores and enhanced remyelination, significantly increasing myelin protein levels including MBP, MOG, and MOBP. In addition, melatonin attenuated inflammation by reducing pro-inflammatory cytokines (IL-1β and TNF-α) and increasing anti-inflammatory cytokines (IL-4 and IL-10). Moreover, melatonin significantly increased brain concentrations of lactate, N-acetylaspartate (NAA), and 3-hydroxy-3-methylglutaryl-coenzyme-A reductase (HMGCR). Pyruvate dehydrogenase kinase-4 (PDK-4) mRNA and protein expression levels were also increased in melatonin-treated, compared to untreated EAE mice. However, melatonin significantly inhibited active and total pyruvate dehydrogenase complex (PDC), an enzyme under the control of PDK4. In summary, although PDC activity was reduced by melatonin, it caused a reduction in inflammatory mediators while stimulating oligodendrogenesis, suggesting that oligodendrocytes are forced to use an alternative pathway to synthesize fatty acids for remyelination. We propose that combining melatonin and PDK inhibitors may provide greater benefits for MS patients than the use of melatonin therapy alone.
INTRODUCTION
Multiple sclerosis (MS) is a complex disease characterized by inflammation and demyelination in the central nervous system (CNS), affecting approximately 2.5 million people worldwide (Hagemeier et al., 2012) . Although some immunological, genetic, and environmental factors have been identified and associated with MS, the molecular and biochemical mechanisms underlying this pathology are not fully understood. In fact, MS has been shown to cause neurodegeneration through different mechanisms including oxidative stress, activation of microglia and astrocytes, impairment in energy state and metabolism, and other processes (Mahad et al., 2015; Heidker et al., 2017; Kawachi and Lassmann, 2017) . In addition, different kinds of immune cell mediators are involved in the pathogenesis of MS. Indeed, through diverse collections of T cells, the entire inflammatory infiltrate of the demyelinated area was shown to be eliminated by down-regulation of proinflammatory cytokines and up-regulation of suppressive cytokines in an animal model of MS (Brocke et al., 1996; Steinman, 1996) . Current therapies are using medications to suppress immunological attacks on myelin, without suppressing the entire immune system (Steinman, 1996) . Moreover, metabolic alterations in MS have been investigated in relation to the multiple pathophysiological processes linking mitochondrial function, myelin, and inflammation (Kalman et al., 2007) . Among metabolic pathways, lipid synthesis is a critical process for remyelination since lipids and cholesterol are key components of myelin and their increased synthesis has been related to the therapeutic mechanism of MS medications (Sedel et al., 2016) . Fatty acid (FA) synthesis and/or lipid availability are considered to be rate-limiting steps for myelin synthesis, as inhibition of cholesterol synthesis caused hypomyelination and delayed myelination in mice (Saher et al., 2005) . In order to be clinically effective, therapeutic agents of MS need to have broad neuroprotective effects targeting these multiple mechanisms.
Recently, melatonin, a naturally occurring hormone secreted by the pineal gland, has been introduced as a promising neuroprotective candidate to improve MS outcomes (Sandyk, 1993; Kang et al., 2001; Melamud et al., 2012; Alvarez-Sanchez et al., 2015; Chen et al., 2016) . Melatonin has been reported to exert its beneficial effects by reducing oxidative stress (Tan et al., 2007) , modulating energy metabolism (Leon et al., 2004) , and attenuating apoptosis and inflammatory response (Altun and Ugur-Altun, 2007) . Importantly, melatonin is selectively taken up by mitochondrial membranes (Srinivasan et al., 2011) , where it seems to accumulate in high concentrations (Martin et al., 2000) , preserving their integrity and improving their function. Therefore, studying the effects of melatonin on myelination and mitochondrial metabolism in MS represents an important area of investigation.
It has been previously shown that melatonin protects against experimental autoimmune encephalomyelitis (EAE) by controlling peripheral and central T effector/regulatory responses (Alvarez-Sanchez et al., 2015) or through suppression of intercellular adhesion molecule-1 (Kang et al., 2001) in adult mouse or rat models of EAE. In contrast, we recently reported a negative impact for melatonin on EAE recovery of young rats, suggesting a relationship between age and the development of EAE (Ghareghani et al., 2017a) . Indeed, administration of 10 mg/kg/day of melatonin to 5-6 weeks old rats caused an increase in pro-inflammatory cytokine levels and activation of astrocytes, which seemed to delay the remyelination process by increasing the accumulation of lactate. Our previous studies on the mouse EAE model showed that exogenous melatonin reduced the oxidative stress while increasing the antioxidant enzymatic activity resulting into promoting oligodendrogenesis (Ghareghani et al., 2018b) . It should be noted that we recently showed, for the first time, that melatonin increased oligodendrocyte differentiation from neural stem cells in vitro (Ghareghani et al., 2017b) . Interestingly, melatonin was previously shown to reduce the levels of microglial activation and oligodendroglial maturation in an injury model of the White Matter (Olivier et al., 2009) .
Furthermore, the beneficial role of melatonin at the clinical level was confirmed in Relapsing Remitting MS by attenuating the levels of pro-inflammatory cytokines and oxidative stress (Sánchez-López et al., 2008) . In addition, studies on demyelinated diseases showed that melatonin exerts its neuroprotective effects through activation of the Nrf2/ARE pathway, a key defense regulator against oxidative stress in the body (Long et al., 2018) .
In this study, in order to further investigate the effect of melatonin on energy metabolism, we used the EAE mouse model to assess any alterations in mitochondrial function and metabolic enzymes as well as the expression of demyelination and inflammatory mediators. Our results demonstrated that pathological findings were substantially improved by melatonin therapy, which was found to modulate cerebral metabolism and to enhance the remyelination process.
MATERIALS AND METHODS

Experimental Animals
Adult female C57BL/6 mice (6-8 weeks old, 20-25 g), were purchased from Iran Pasteur Institute (Pasteur's Institute, Tehran, Iran). The Institutional Animal Care and Use Committee (IACUC) of Tehran University approved all experimental procedures in this study. Mice were maintained and housed under pathogen-free conditions with constant temperature and humidity control at the Animal Breeding Center under a 14/10 light/dark cycle. Animal experimental procedures were carried out in accordance with the guidelines of the Iranian Agriculture Ministry, which conforms to the provisions of the Declaration of Helsinki (as revised in Brazil in 2013), and of the European Communities Council Directive (86/609/EEC). 
EAE Induction
Clinical Evaluation of EAE Mice
Mice were evaluated and scored for clinical signs of the disease by at least 2 investigators from days 7 to 30 post-immunization using a 0-5 point scale (Nashold et al., 2013) , as follows: 0 = no clinical disease; 0.5, partial tail paralysis; 1.0, complete tail paralysis or limp tail; 1.5, complete tail paralysis and partial paralysis one hind limb; 2.0, complete tail paralysis and partial paralysis of both hind limbs; 2.5, partial paralysis of one hind limb and complete paralysis of one hind limb; 3.0, paralysis of both hind limbs without forelimb weakness; 4.0, hind limbs and one forelimb paralysis; 5.0, moribund/dead. Mice were also weighed daily after immunization.
Treatment of Animals
Mice were randomly divided into 4 groups of: (A) Control phosphate buffered saline (PBS)-treated mice (Ctrl) (n = 8); (B) Vehicle PBS-treated EAE mice (Vehicle) (n = 8), (C) lowdose melatonin treated EAE mice (Low Mel) at physiological levels of 476 µg/kg/day (n = 8), and (D) high-dose melatonin treated EAE mice (High Mel) at pharmacological levels of 10 mg/kg/day (n = 8). To be clinically relevant, treatment was given intraperitoneally (i.p.) for 13 consecutive days (from days 18 to 30), starting on the day of clinical symptom onset (score ≥ 3), until sacrifice at day 30. All treatments were done between 8:00 and 9:00 AM, when melatonin level is at its lowest. On the other hand, mice were sacrificed at day 30, 11-12 h after the last treatment, before the onset of darkness. Melatonin (Sigma-Aldrich, United States) was freshly prepared by dissolving it in PBS and 5% dimethyl sulfoxide (DMSO) then administrated at the doses described above. Physiological and pharmacological doses of Melatonin were chosen based on previous studies by Hamdi (1998) and Ghareghani et al. (2017a) , respectively. Control, vehicle (EAE mice) and experimental groups all received the same percentage of 5% DMSO. The experimental procedures are schematized in Figure 1A .
Sample Preparation
Mice were anesthetized and then sacrificed by cervical dislocation and brain tissues quickly excised, immediately frozen on dry ice and stored at −80 • C until further tests performed.
Quantifying Cytokines by Enzyme-Linked Immunosorbent Assay (ELISA)
The brain levels of pro-inflammatory cytokines IL-1β and TNF-α and anti-inflammatory cytokines IL-4 and IL-10 were measured using ELISA kit in accordance with the manufacturer's instructions (R&D Systems, Minneapolis, MN and Abcam, United States).
High Performance Liquid Chromatography (HPLC)
Brain homogenate samples were centrifuged at 40,000 × g for 15 min, supernatants placed in an ice bath and neutralized to pH 4-5 with potassium hydroxide (KOH), and then pellets were weighed for analysis. Samples were centrifuged for another 15 min at 40,000 × g for 15 min to sediment the precipitant, potassium perchlorate (KClO4), which formed after neutralization with KOH. Supernatants were retained and filtered (0.2 µm) before lyophilization. The chromatographic measurements of brain lactate and NAA were carried out with a KNAUER smartline High Performance Liquid Chromatography (HPLC) system equipped with micro vacuum degasser, LPG system, UV-VIS Detector (2550 was set at 220 nm) and a MZ ODS-C18 (250 mm × 4.6 mm, 5 µm) column. The chromatographic calculations were performed using an EZCHROM elite system. Determination of lactate and NAA were performed by HPLC as previously described (Kehr, 1999; Shannon et al., 2016) . The accuracy of extraction and determination of lactate and NAA in the brain were investigated using standard addition method.
Western Blotting
Brain samples were homogenized on ice and lysed in a lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% deoxycholic acid, 1% Nonidet P40, 0.1% SDS, 1 mM PMSF, and 100 mg/ml leupeptin. Protein content was measured using a Bio-Rad colorimetric protein assay kit (BioRad, United States). An equal amount of total protein (40 µg) was resolved on 8-15% sodium dodecyl sulfate polyacrylamide gel and then transferred onto a nitrocellulose membrane. The membranes were blocked for 1 h in 5% skim milk solution, and then incubated with primary antibodies against myelin oligodendrocyte glycoprotein (MOG; 1:500, Abcam, United States), myelin-associated oligodendrocytic basic protein (MOBP; 1:500, Abcam), myelin basic protein (MBP; 1:500, Abcam), Pyruvate Dehydrogenase Kinase isoform 4 (PDK4, 1:600, Abcam), and β-actin (1:1000, Santa Cruz Biotechnology Inc., United States) for an overnight on shaker at 4 • C. After washing, horseradish peroxidase-conjugated species appropriate secondary antibodies were incubated at room temperature.
Immunoreactive proteins were detected with an enhanced chemiluminescence Western blotting detection system. The relative density of the protein bands was scanned by densitometry using MyImage (SLB, Seoul, Korea), and quantified by image analysis software for gel documentation (LabWorks Software Version 3.0, UVP Inc., United States).
Real-Time PCR
Total RNA was isolated from brain homogenates using TriReagent (Sigma-Aldrich, the Netherlands), according to the manufacturer's protocol. Then cDNA was synthesized with High-Capacity cDNA Reverse Transcription kit using random primers (Applied Biosystems, United States). Quantitative real-time PCR (qRT-PCR) was performed by the StepOne Real-Time PCR system (Applied Biosystems). Real-time Statistical analysis was performed by two-way analysis of variance (ANOVA) followed by Tukey's test. Significance is indicated by * * p < 0.01, * * * p < 0.001, and * * * * p < 0.0001 vs. vehicle and #### p < 0.0001 vs. EAE-low melatonin.
PCR was carried out with RealQ Plus 2x Master Mix Green (Ampliqon, Denmark) according to manufacturer's instructions. Primer sequences used were the following: PDK4 F, CCGCTTAGTGAACACTCCTTC, and R, TCTACAAACTCT GACAGGGCTTT; HMGCR F TGATTGGAGTTGGCACCAT, and R, TGGCCAACACTGACATGC. The specificity of PCR products was confirmed by melting curve analysis. The PCR conditions were as follows: initial activation at 95 • C for 15 min, then 35 amplification cycles consisting of denaturation at 95 • C for 15 s, annealing at 57 • C for 30 s, and extension at 72 • C for 30 s. The relative changes in gene expression levels were determined by the Comparative CT ( CT) method. All reactions were performed in triplicate using β-actin as an internal control for normalization.
PDC Activity Determination
Pyruvate dehydrogenase complex (PDC) exists in two forms: dephosphorylated "active" and phosphorylated "inactive" forms. Inter-conversion between these forms can readily alter the flux through this complex. Hence, both activities were measured because it's more accurate to evaluate the change in PDC activity. Either active or total PDC activities were measured on ice freeze-thawed homogenates of brains of all groups on day 18, as described previously (Johnson et al., 2001; Pliss et al., 2004 Pliss et al., , 2013 . PDC activity was determined by production of 14 CO 2 [ 1−14 C] from pyruvate. To preserve the "active" PDC activity, homogenizing buffer contained dichloroacetate (inhibitor of PDH kinases) and sodium fluoride (inhibitor of PDH phosphatases) (both from Santa Cruz Biotechnologies, United States). For measurement of "total" PDC activity, purified recombinant PDH phosphatase 1 was added to freeze-thawed homogenates and incubated for 30 min to dephosphorylate phospho-PDH. PDC activity is expressed as munits/mg protein.
Statistical Analysis
Results are presented as means with error bars indicating the standard error of the mean (Mean ± SEM). There was no evidence for significant deviations from normal distribution (p > 0.05, Shapiro-Wilk test). RM two-way analysis of variance (ANOVA) and RM one-way ANOVA with the greenhouseGeisser correction test, followed by Tukey's multiple comparisons test, were used for Figures 1A,B, respectively. On the other hand, ANOVA followed by Tukey's multiple comparison test with a single pooled variance was used to analyze all other figures. All statistical tests were two-sided and the level of significance was set at p < 0.05. GraphPad Prism software version 6.01 (San Diego, CA, United States) was used to perform statistical analysis. Significance is indicated by * p < 0.05; * * p < 0.01; * * * p < 0.001, and * * * * p < 0.0001. 
RESULTS
Melatonin Ameliorates Clinical Signs of EAE
To assess whether melatonin ameliorates EAE severity, mice were treated by daily i.p. injections of melatonin at physiological (476 µg/kg/day) or pharmacological doses (10 mg/kg/day), from day 18 post-first immunization until the end of the study at day 30. The disease course in this model exhibits a chronic progressive-relapsing phenotype. When compared to the vehicle group (EAE+PBS), both low and high melatonin treated EAE mice showed a significant reduction (p < 0.0001) in the severity of disease, starting at day 23 and which continued until day 30, as assessed by the analysis of clinical symptoms ( Figure 1B) . The peak mean clinical score in untreated EAE mice was as high as 3.5 at 30 days, which declined to 2.1 and 1.6 in low and high melatonin treated mice, respectively ( Figure 1B) . Moreover, cumulative neurological disability was significantly lower in mice treated with low or high melatonin, compared to untreated EAE mice (p < 0.05 and p < 0.01, respectively, Figure 1C) . Furthermore, EAE mice showed significant and continuous body weight loss 15 days after immunization, in comparison to control mice ( Figure 1D) . In contrast, EAE mice treated with pharmacological doses of melatonin showed a significant gain in their body weight at days 25 and 30 ( * * p < 0.01, * * * p < 0.001, respectively), in comparison to vehicle (EAE+PBS) (Figure 1D ).
Together, these results suggest that melatonin suppresses the development and progression of EAE.
Melatonin Attenuates Intracerebral Inflammation
To investigate the role of inflammation in melatonin-induced amelioration of the disease, key cytokines of both proinflammatory (IL-1β and TNF-α) and anti-inflammatory (IL-4 and IL-10) pathways were evaluated in non-perfused CNS homogenates (Figure 2) . Brain levels of IL-1β and TNF-α were significantly higher in EAE mice at day 30, compared with controls (p < 0.0001 and p < 0.01, respectively, Figures 2A,B) . However, both low-and high-dose melatonin treatment resulted in a substantial decrease in the levels of IL-1β and TNF-α in comparison to the control EAE group (p < 0.05, Figures 2A,B) .
On the other hand, the levels of IL-4 and IL-10 in untreated EAE mice were slightly, but not significantly, decreased compared with controls. However, IL-4 was significantly increased in low or high melatonin treatment (p < 0.05 and p < 0.01, respectively, Figure 2C ), whereas IL-10 was only increased in high melatonin treated mice, compared to untreated EAE mice (p < 0.001, Figure 2D ). Our results indicate that the beneficial effects of melatonin in EAE are linked to an inhibition of inflammatory cytokines and an enhanced production of anti-inflammatory cytokines, which tend to be dose-dependent. 
High Melatonin Modulates Cerebral Energy Metabolism and Enhances Mitochondrial Dysfunction
To assess the effect of melatonin on brain metabolism and mitochondrial function, we measured brain lactate and N-acetyl aspartate (NAA). Lactate brain concentrations tended to be higher in EAE mice compared with controls, without reaching statistical significance ( Figure 3A) . Administration of highdose, but not low-dose, melatonin resulted in a significant increase in brain lactate concentrations, in comparison to controls (p < 0.001) and untreated EAE mice (p < 0.05) ( Figure 3A) . On the other hand, NAA brain concentrations significantly decreased in untreated EAE mice, compared to the control group (p < 0.001, Figure 3B ). However, high-, but not low-, melatonin treatment significantly increased NAA levels, compared to untreated EAE mice (p < 0.05, Figure 3B ).
Together, these results demonstrate that high-dose melatonin has an effect on cerebral energy metabolism and appears to reverse mitochondrial dysfunction.
Melatonin Restores HMGCR Gene Expression Levels in the Brain
The effect of melatonin treatment was also investigated on a key enzyme in cholesterol biosynthesis, namely 3-hydroxy-3-methylglutaryl-coenzyme-A reductase (HMGCR). Results indicated that HMGCR mRNA levels were significantly reduced in PBS treated EAE mice, compared to the control group (p < 0.0001, Figure 4) . In contrast, low or high melatonin therapy significantly increased HMGCR levels, compared with untreated EAE mice, in a dose-dependent manner (p < 0.01 and p < 0.0001, respectively, Figure 4) .
Melatonin Upregulates MBP, MOG, and MOBP Oligodendrocytic Markers
To test whether melatonin affects the protein expression levels of oligodendrocytic markers, brain lysates were used to perform Western blot analysis on myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG), and myelin-associated oligodendrocytic basic protein (MOBP). Results showed a significant decrease in protein levels of MBP, MOG, and MOBP in untreated EAE mice, compared with controls (p < 0.0001, p < 0.0001, and p < 0.01, respectively) (Figures 5A-C) . However, high-dose melatonin caused a significant increase in protein expression levels of MBP, MOG, and MOBP, compared to untreated EAE group ( * * * p < 0.001, * * * p < 0.001, and * p < 0.05, respectively) whereas low melatonin increased only MBP and MOG protein levels ( * p < 0.05 and * * p < 0.01, respectively, Figure 5) . Therefore, administration of melatonin appears to induce the expression of oligodendrocytic proteins in EAE mice.
FIGURE 4 | Effect of melatonin on brain HMGCR. mRNA expression levels of 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMGCR) were measured in brain homogenates. β-actin was used as an internal control. Quantification of HMGCR expression levels was normalized to controls. Values are expressed as the Mean ± SEM. Each group included 8 mice (n = 8). Statistical analysis was performed by two-way analysis of variance (ANOVA) followed by Tukey's test. Significance is indicated by * * * * p < 0.0001 vs. Control-PBS and ## p < 0.01, and #### p < 0.0001 vs. EAE-PBS. 
Melatonin Upregulates PDK4
The effect of melatonin on PDK4 mRNA expression levels was then investigated by quantitative real time-PCR. Induction of EAE mice did not affect PDK4 mRNA expression levels compared with controls at day 30 ( Figure 6A ). However, lowand high-dose melatonin treatment resulted in a significant ∼ 2.8-and 3.6-fold increase in PDK4 mRNA levels, compared with untreated EAE mice (p < 0.0001; Figure 6A ). Consistent with transcriptional data, Western-blot analysis showed ∼2.3-and ∼2.9-fold increase in PDK4 protein levels, compared with untreated EAE mice (p < 0.001; Figure 6B ). Thus, these results indicated that melatonin is not only involved but also modulates brain glucose metabolism.
Melatonin Suppresses the Activity of PDC Enzyme
Both "Active" and "Total" PDC activities were then assayed in brain homogenates from mice at day 30 (Figure 7) . PDC activity was found to be similar between untreated EAE and control mice. However, melatonin treatment caused a significant dosedependent reduction in both "active" and "total" forms of PDC enzyme, compared with untreated EAE mice (Figures 7A,B) .
DISCUSSION
In the current study, we demonstrated that administration of melatonin at physiological and pharmacological doses ameliorates the severity of EAE by attenuating neuroinflammation, increasing the expression levels of mature oligodendrocytic markers and modulating cerebral energy metabolism, as summarized in Figure 8 .
Melatonin was previously shown to be inversely correlated with the severity of MS and its relapse (Sandyk, 1993; Melamud et al., 2012) . Several studies have indicated a beneficial role for melatonin in attenuating neuroinflammation and stimulating remyelination in adult EAE mouse and rat models of MS (Kang et al., 2001; Alvarez-Sanchez et al., 2015; Chen et al., 2016) . Melatonin is also currently used in an open clinical trial in patients of MS (ClinicalTrials.gov identifier NCT03498131). In this study, the effects of melatonin therapy on the mechanisms of molecular immune polarization were investigated by measuring pro-inflammatory (TNF and IL-1β) and anti-inflammatory (IL-4 and IL-10) cytokine levels in the mouse brain, previously shown to be linked to EAE disability and tissue destruction (Batoulis et al., 2010; Bernardes et al., 2013) . Our data in this study confirmed our previous results that pharmacological doses of melatonin significantly recovered the decreased expression levels of IL-4 and IL10 in PBS-treated EAE mice while reducing the elevated levels of TNF and IL-1β (Ghareghani et al., 2018a,b) . Moreover, this study demonstrated that MBP and MOG, which are myelin-associated proteins localized on the surface of oligodendrocytes, showed marked reduction in EAE mice compared to controls. However, physiological or pharmacological doses of melatonin significantly increased the expression levels of these proteins, in comparison to the FIGURE 6 | The effects of melatonin on PDK4 levels in brain homogenate. (A) mRNA expression levels of PDK4 assessed by real time-PCR. (B) Protein expression levels of PDK4 assessed by western-blot. β-actin was used as an internal control for normalization for both real time-PCR and western blot. Quantification PDK4 expression levels was normalized to controls. Values are expressed as the Mean ± SEM. Each group included 8 mice (n = 8). Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by Tukey's test. Significance is indicated by * * * p < 0.001 and * * * * p < 0.001 vs. control-PBS and ### p < 0.001 vs. EAE-PBS.
PBS-treated EAE mice. Furthermore, MOBP, a major component of myelin in the periaxonal membrane and which modulates the radial growth of axon and myelin (Yool et al., 2002) , has been previously reported to decrease in EAE mice (Carmody et al., 2002) . Interestingly, our data in this study demonstrated that pharmacological doses of melatonin could increase MOBP expression, in comparison to EAE mice. While most previous research focused on the effect of melatonin on inflammatory mediators and its anti-oxidant and anti-apoptotic actions (Husson et al., 2002; Kilic et al., 2004; Leon et al., 2004; Tan et al., 2007; Welin et al., 2007; Gressens et al., 2008) , the present study investigated its effect on metabolic pathways involved in cerebral metabolism and myelination. Our results showed, for the first time, that melatonin treatment increased PDK4 levels and suppressed PDC activity in an EAE mouse model of MS.
It has been reported that keeping PDC in an active state decreases lactate accumulation in body tissues (Parikh et al., 2009) . Recently, we showed that administration of melatonin leads to an increase in serum lactate levels in young EAE Lewis rats (Ghareghani et al., 2017a ). In the current study on EAE mouse model, melatonin therapy caused an increase in brain lactate levels, while PDC activity was suppressed. This decrease in PDC activity could explain the mechanism by which lactate increases in response to melatonin. In fact, when coupled, oligodendrocytes and astrocytes take up glucose, lactate or pyruvate from peripheral blood vessels to generate metabolites to myelin-forming oligodendrocytes (Tress et al., 2012) as well as to provide energy to neurons in the form of lactate (Hirrlinger and Dringen, 2010) . In fact, glucose needs to be converted, through glycolysis pathway, to pyruvate or lactate in order to provide metabolic support for axonal functions (Funfschilling et al., 2012; Lee et al., 2012) . On the other hand, lactate, that has been fluxed from blood or astrocytes, is employed by oligodendrocytes as a main substrate to generate ATP and FA, which are required for myelin synthesis (Rinholm and Bergersen, 2014) . However, pyruvate, obtained from lactate and glucose conversion or that has been fluxed from blood, needs first to be converted to acetylCoA, through the PDC enzyme, in order to produce metabolites for FA synthesis (Fransen et al., 2017) .
Importantly, the activity of PDC is inhibited through phosphorylation by PDK's, especially isoform 4 (PDK4) (Jha et al., 2012) . To date, only one study, using microarray analysis, has shown that melatonin administration increased PDK4 mRNA expression levels in mouse CNS (Sharman et al., 2007) . In the current study, PDK4 mRNA and protein levels were found to be upregulated in the brain of melatonin treated EAE mice, associated with a reduction in PDC activity. Surprisingly, the suppression of PDC activity following melatonin therapy coincided with an increase in lactate levels, suggesting that the inability to convert pyruvate, as well as lactate, to acetyl-CoA leads to the accumulation of lactate in the CNS and peripheral blood. In agreement, we have recently demonstrated a significant accumulation of serum lactate levels following melatonin therapy (Ghareghani et al., 2017a) . On the other hand, remyelination by oligodendrocytes needs FA synthesis from pyruvate that has been imported to mitochondrial matrix whereas myelin maintenance, after myelination, needs FA breakdown which occurs mainly within the peroxisomes by β-oxidation pathway (Rinholm and Bergersen, 2014) . Indeed, the latter is a multistep process involving enzymes that are different from those in mitochondria. In fact, FAs first enter the cell via FA protein transporters (including FAT/CD36) present on the cell surface (Lopaschuk et al., 2010) . Although the end products of peroxisomal and mitochondrial β-oxidation are different, however, peroxisomal β-oxidation can produce acetyl-CoA from long chain FAs. Indeed, FAs are converted to acetyl-carnitine which is then exported to cytosol where it can be converted to acetyl-CoA, to be used again as a substrate in FA and cholesterol synthesis (Wanders et al., 2015) . Acetyl-CoA produced from β-oxidation cannot be converted to lactate, however, it has been suggested that pyruvate imported into the peroxisomes could yield lactate (McClelland et al., 2003) . Considering that inhibition of FA synthesis by the PDC-dependent pathway leads to accumulation of pyruvate, it seems that this elevated level of pyruvate by PDC suppression increases peroxisomal β-oxidation. In accordance, administration of pyruvate was shown to increase peroxisomal β-oxidation, which also needs NAD+ originating from the conversion of pyruvate to lactate (McClelland et al., 2003) . Therefore, lactate accumulation is obtained not only through FIGURE 7 | The effects of melatonin on PDC activities in brain homogenates. The change in the activity of PDC enzyme was measured either at the (A) "active" or (B) "total" forms of PDC. Melatonin significantly decreased the activities of both PDC forms, in comparison to PBS treated EAE mice. Values are expressed as the Mean ± SEM. Each group included 8 mice (n = 8). Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by Tukey's test. Significance is indicated by * p < 0.05, * * p < 0.01, and * * * * p < 0.0001. the suppression of pyruvate consumption by PDC, which in turn reduces lactate conversion to pyruvate through a negative feedback mechanism, but also through peroxisomes (Figure 8) . Taken together, these observations demonstrate that melatonin affects the metabolic pathway involved in remyelination by increasing the myelination and attenuating the severity of EAE. Additional studies will be required to investigate the link between melatonin and FA synthesis, and to further assess their effects on myelination.
Cholesterol biosynthesis occurs principally (∼95%) in the brain and is a main constituent of myelin sheath (Muse et al., 2001; Bjorkhem and Meaney, 2004; Dietschy, 2009 ). Therefore, we investigated 3-hydroxy-3-methylglutaryl-coenzyme-A reductase (HMGCR), a key enzyme in cholesterol synthesis. Previous studies have shown that HMGCR is decreased at the peak of acute EAE disease (Lavrnja et al., 2017) . However, we demonstrated that melatonin therapy significantly increased HMGCR levels. This observation suggests that cholesterol synthesis is not suppressed by melatonin but rather stimulated by it.
On the other hand, N-acetyl-aspartate (NAA), a nervous system-specific metabolite whose role has not been fully elucidated, appears to be a key link in biochemical features of CNS metabolism (Moffett et al., 2007) and to be involved in myelination and remyelination. Some studies suggested that neuronal NAA can be exported to oligodendrocytes where it is metabolized to form acetate and then acetyl-CoA, which are preferentially integrated into myelin (Hagenfeldt et al., 1987; Burri et al., 1991; Chakraborty et al., 2001) . Previous studies confirmed that brain NAA levels are decreased in MS and that NAA precedes neuronal atrophy, indicating that mitochondrial dysfunction may precede neurodegeneration (Inglese et al., 2004; Cader et al., 2007) . Moreover, NAA reduction has been correlated with disease progression and neurological decline in MS patients (Fu et al., 1998; Signoretti et al., 2001 ). In our study, high melatonin treatment reversed the decreases of NAA levels. Our results give further support to the hypothesis that melatonin enhances mitochondrial energy production and, possibly, remyelination. In accordance with our findings, partial FIGURE 8 | Schematic representation for the role of melatonin on oligodendrocyte metabolism during remyelination. Pyruvate imported into myelin is converted within mitochondria by PDC to produce acetyl-CoA, which generates citrate by TCA. Citrate is subsequently used to produce fatty acid (FA) and cholesterol in the cytosol. PDK4 acts as one of the regulators of PDC activity. Melatonin increases PDK4 expression levels and cause suppression of PDC by its phosphorylation. This results into pyruvate being transferred to peroxisome where FA breakdown occurs to provide redox balance and acetyl-CoA. On the other hand, melatonin increases the levels of NAA. Axonal NAAs are transferred into oligodendrocytes and are converted to acetate and then acetyl-CoA, a substrate for FA and cholesterol synthesis. Finally, melatonin upregulates the expression of HMGCR, a key factor in cholesterol synthesis. (PDC, Pyruvate dehydrogenase complex; PDK4, pyruvate dehydrogenase kinases 4; Ac-CoA, Acetyl-CoA; Ac-carnitine, Acetyl-carnitine; HMGCR, 3-hydroxy-3-methylglutaryl-Coenzyme A reductase; TCA, tricarboxylic acid cycle; Chol, Cholesterol; Pyr, Pyruvate; NAA, N-acetylaspartate, Lac, lactate, FA, Fatty acid, Mel, melatonin).
recovery of NAA levels has also been reported in patients treated with interferon beta-1b (Narayanan et al., 2001 ), fluoxetine (Mostert et al., 2006) , or glatiramer acetate (Khan et al., 2005) .
Increasing evidence confirms that melatonin ameliorates EAE severity at different concentrations, albeit, the precise optimal dose for this neuroprotective agent is still undefined. Thus, two different doses were used in this study. The "highpharmacological" dose has been chosen based on our previous study on EAE rat model (Ghareghani et al., 2017a) whereas the "low -physiological" dose was used according to the previous work of Hamdi (1998) .
The number of mitochondria increase in demyelinated axons of acute MS (Mahad et al., 2008) , thus, the change of mitochondria numbers in untreated and melatonin treated mice remains to be determined. A limitation in the current study is that we used brain lysates which do not allow to determine the origin of the cells responsible for the measured factors. Further studies are needed to investigate these markers in specific cells including astrocytes, neurons, and oligodendrocytes. Moreover, to reach a precise conclusion on melatonin therapy, it is highly recommended to take into account the time of melatonin administration (between 17:00 and 19:00 in this study), the time of sampling (between 10:00 and 12:00 AM), the type of EAE model, the length and dose of melatonin therapy, the route of melatonin administration (i.p. in this study), the age and weight of mice or rats, and finally the protocol of EAE induction.
CONCLUSION
In conclusion, in the normal process of FA synthesis in remyelination, cells need acetyl-CoA as substrate which is obtained from pyruvate through the action of PDC (Figure 8) . The latter is itself under the control of PDK4. However, in the current study, we observed that although melatonin suppressed the activity of PDC, a drawback of melatonin therapy, it still ameliorated EAE severity, both at physiological and pharmacological doses of melatonin. Indeed, melatonin caused a reduction in inflammatory mediators while stimulating oligodendrogenesis, suggesting that oligodendrocytes are forced to use an alternative pathway to synthesize FA's for remyelination. This alternative pathway seems to be slower than the main PDC pathway of FA synthesis. Both the source of the alternative substrate and the mechanistic regulators for the substitute FA synthesis pathway are still unknown. Therefore, in order to increase the efficiency of melatonin therapy in EAE, MS or demyelination disorders, we suggest a new treatment strategy through the activation of PDC. This hypothesis would need further experimental and clinical studies by investigating, for instance, the synergistic effect of melatonin and a PDK inhibitor on EAE or MS.
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